Gingipains are cysteine proteinases acting as key virulence factors of the bacterium Porphyromonas gingivalis, the major pathogen in periodontal disease. The 1.5 and 2.0 Å crystal structures of free and D-Phe-Phe-Arg-chloromethylketone-inhibited gingipain R reveal a 435-residue, single-polypeptide chain organized into a catalytic and an immunoglobulin-like domain. The catalytic domain is subdivided into two subdomains comprising four-and six-stranded β-sheets sandwiched by α-helices. Each subdomain bears topological similarities to the p20-p10 heterodimer of caspase-1. The second subdomain harbours the Cys-His catalytic diad and a nearby Glu arranged around the S1 specificity pocket, which carries an Asp residue to enforce preference for Arg-P1 residues. This gingipain R structure is an excellent template for the rational design of drugs with a potential to cure and prevent periodontitis. Here we show the binding mode of an arginine-containing inhibitor in the active-site, thus identifying major interaction sites defining a suitable pharmacophor.
Introduction
Periodontal diseases represent infections that are associated with inflammation of the gingiva, destruction of periodontal tissue, pocket formation and alveolar bone resorption. If untreated, they eventually lead to exfoliation of teeth. In addition, severe periodontitis may predispose to more serious systemic conditions such as cardiovascular diseases and the delivery of preterm infants (Page, 1998) . The severity of periodontitis correlates with the presence of specific bacteria that trigger inflammatory host responses which, together with the bacterial virulence factors, cause the majority of tissue destruction (for references, see Genco et al., 1998; Lamont and Jenkinson, 1998) .
Porphyromonas gingivalis, a Gram-negative, anaerobic, black-pigmented bacterium, has been implicated as the major aetiological agent in the initiation and progression of adult periodontitis (Holt et al., 1988) . It possesses a repertoire of virulence factors such as proteinases, fimbriae, lectin-type adhesins and haemagglutinating factors, which enable it to colonize periodontal pockets (reviewed by Cutler et al., 1995; Lamont and Jenkinson, 1998) . It is generally accepted that the proteolytic enzymes of this organism play a central role in the pathogenesis of periodontitis. Although several different types of proteinases are expressed by P.gingivalis, cysteine proteinases with Arg-Xaa and Lys-Xaa specificity, referred to as gingipains R and K, respectively, are responsible for at least 85% of the overall proteolytic activity and are recognized as the major virulence factors of this periodontal pathogen Kuramitsu, 1998) .
Gingipain Rs (Rgps) occur either in soluble (RgpA, HRgpA, RgpB) or in membrane-associated forms and are products of two related genes, rgpA and rgpB. The rgpA gene-encoded gingipains are released into the medium as the single-chain, 50 kDa RgpA proteinase or the high-molecular-mass HRgpA, which is a 95 kDa non-covalent complex of a 50 kDa catalytic domain with a haemagglutinin (adhesin) domain derived from the initial rgpA gene product via proteolytic processing (Pavloff et al., 1995; Rangarajan et al., 1997) . The related rgpB gene lacks the coding region for the haemagglutinin domains and codes for a 507-amino-acid-residue protein ; its mature C-terminally truncated product RgpB is a single-chain protein essentially identical to RgpA, with the C-terminal part from position 363 onwards showing a significant divergence, however . Rgps exhibit an exclusive specificity for Arg-Xaa peptide bonds and their hydrolytic activity requires activation by reducing agents such as cysteine; they are inhibited by iodoacetamide, leupeptin and Arg-chloromethylketone inhibitors, but surprisingly also by chloromethylketones with Lys or other residues at P1 acting as irreversible covalently attached inhibitors (Nakayama, 1997; Potempa et al., 1997) . Alkylation identified Cys244 as the putative reactive-site residue (Nishikata and Yoshimura, 1995; Potempa et al., 1998) . The Rgps are stabilized by calcium (Chen et al., 1992; Nakayama et al., 1995) and inhibited by EDTA (Fujimura et al., 1998) .
Besides providing nutrients for bacterial growth, the Rgps are implicated in both the processing of pro-Kgp and other housekeeping functions (reviewed by Potempa and Travis, 1996) . They have been shown to be involved in the processing of the 75 kDa major outer membrane 
protein and in the maturation and assembly of the endogenous P.gingivalis fimbriae, both of which are considered as important virulence factors (Onoe et al., 1996; Kadowaki et al., 1998) . Furthermore, they can trigger bradykinin release through prekallikrein activation (Imamura et al., 1994) , degrade complement factors such as C3 and C5 resulting in the attraction of neutrophils to the gingival lesion site (reviewed by DiScripio et al., 1996) , inactivate tumour necrosis factor α (Calkins et al., 1998) and activate coagulation factors (Imamura et al., 1997) . Thus, the gingipains represent a novel and unique family of cysteine proteinases whose members play pivotal roles in the aetiology of periodontitis. However, in spite of a wealth of sequential and functional data, their structural folds and mechanism of action were completely unknown.
Results and discussion

Overall structure
The RgpB structure was first determined by multiple anomalous dispersion (MAD) techniques and refined with 1.5 Å data for a monoclinic P2 1 cell, with three pchloromercury benzamidine (HgBA) molecules situated in the active-site and at two other surface-located Cys residues (pCMBA; Table I ). With this model, the 2.16 Å structure of the corresponding ligand-free RgpB was determined (NATI); furthermore, it served to solve the 2.0 Å orthorhombic P2 1 2 1 2 1 structure of a covalent RgpB complex with D-Phe-Phe-Arg-chloromethylketone (FFRCMK; with one molecule per asymmetrical unit; see Table I ).
The RgpB molecule has the shape of a crooked oneroot 'tooth', made up of an almost spherical 'crown' of average diameter 45 Å and a 40-Å-long 'root' (Figures 1  and 2A ). The crown formed by the N-terminal 351 residues represents the catalytic domain, while the root made by the last 84 residues resembles an immunoglobulin superfamily (IgSF) domain. RgpB is characterized by a high ratio of regular secondary structure elements, with the catalytic domain exhibiting the structural motif of a typical α/β protein and the IgSF domain having an all-β conformation. The seven Cys residues of RgpB are unpaired, with all but three (Cys185, the catalytic Cys244 and Cys299) exhibiting buried side chains. RgpB exhibits a low isoelectric point and a comparatively large ratio of 5454 (bottom) . Strands are shown as yellow arrows, helices as red spirals and the connecting segments as blue ropes. The catalytic residues on top are shown as orange stick models and the three putative calcium ions as golden spheres. The figure was prepared with MOLSCRIPT (Kraulis, 1991) and rendered with POVRay (1997). charged residues, several of which are uncompensated by opposite charges and/or buried.
The catalytic domain
The catalytic domain of RgpB can be subdivided into A-and B-subdomains. Each subdomain comprises a central β-sheet and a few additional hairpins flanked by helices on either side, as characteristic for α/β open-sheet structures. The A-subdomain sheet consisting of four parallel strands is twisted regularly, with the two outermost strands arranged at an angle of~45°to one another (Figure 1) . The flanking helices placed on both sides of this β-sheet run approximately parallel to one another, but antiparallel to the sheet strands (Figure 2A and B) . The core is mainly hydrophobic in nature, but is traversed by the Arg112-Asp93 and the Arg34-Glu132-Lys31 salt bridge/cluster.
The RgpB polypeptide chain runs over to the adjacent B-subdomain via a short surface-located segment connecting helix h4 and strand s5. Central to this subdomain is the relatively flat β-sheet made up of six strands (Figure 2 ). While the first five strands are arranged parallel and show almost no twist to one another, the last innermost strand (s10) runs antiparallel to the previous five strands. To the other side, strand s10 crosses the s4 edge strand of the A-subdomain sheet under the formation of two hydrogen bonds between Phe339 and Arg112. Subsequent to strand s10, the polypeptide chain enters the IgSF domain (Figure 1 ). The central sheet of the B-subdomain is flanked by the seven helices h5-h11, which except for h10 all run parallel to one another and antiparallel to sheet strands s6-s9, respectively. Helix h9 is special in that its N-terminal part (Tyr283-Trp284-Ala285-Pro286-Pro287), positioned close to the active centre (see Figure 3) , adopts an open conformation due to the inability of Pro287 to form a hydrogen bond to the Tyr283 carbonyl group. As usual in such open β-sheet enzymes, the active centre is in a crevice outside the carboxyl end of the β-sheet, with the active-site residues His211 and Cys244 presented by loops s7-s7' and s8-h8 (and probably Glu152 on loop s5-h5; Figure 2B ).
The interface between both RgpB A-and B-subdomains Figure 1 , upon a 90°rotation about a horizontal axis). The inhibitor chain (yellow stick model) covalently linked via its methylene group to Cys244 Sγ (centre, right) runs from left to right, with its Arg-P1 side chain reaching back into the S1 pocket. The imidazole side chain of His211 and the carboxylate of Glu152 are arranged on the molecular surface (bottom) opposite to Cys244. The figure was prepared with Insight II. A total of 118 residues of caspase-1 (Cerretti et al., 1992; Thornberry et al., 1992) have been aligned to the B-subdomain according to topological equivalency with caspase-1 as deposited by Rano et al. (1997) in the Protein Data Bank under accession code 1IBC. The numbering is for RgpB (top, SwissProt entry code P95493) and caspase-1 (bottom). The figure was prepared with ALSCRIPT (Barton, 1993) .
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is relatively hydrophilic, containing, besides a number of buried water molecules, a cluster of charged residues (including the partially buried Arg262, the internal Glu258 and Asp78, and the surface-located Glu116) that clamp both subdomains together via a central calcium ion. At two further sites (NATI and pCMBA), or up to six other positions (FFRCMK, with additional zinc ions in the crystallization buffer) on the surface of the catalytic domain, spheres of high electron density in combination with short distances to the coordinating ligands and high coordination numbers indicate the presence of further bound metal ions, which have been interpreted as calcium and zinc ions (FFRCMK only). One calcium is particularly noteworthy in that it is placed just below the S1 specificity pocket (see Figure 1 ), clamping helices h5 and h9 together and in this way presumably stabilizing this specificitydetermining binding site. It is very likely that removal of this calcium ion causes a shift or disordering of Asp163, in this way affecting hydrolytic activity.
Active-site, substrate binding subsites and catalytic mechanism
Figures 3 and 4 allow views into and toward the active centre of RgpB. The active-site and its immediate environment placed on the almost flat 'masticating surface' of the crown is demarcated by strand His211-Glu214 ( Figure 3 , bottom right), the (intervening) rising segment Ala243-Val245 (right, centre), the (parallel aligned) long s9-h9 connecting segment (top) and the perpendicular running twisted s5-h5 (left, from Glu152 to Asp163). In the centre resides the exposed Cys244, which in the MAD phased map immediately attracted attention due to the neighbourhood to the highest of the three mercury-related peaks accounting for the HgBA molecules. From the bottom strand ejects the His211 imidazole side chain, with its Nδ1 atom in all RgpB structures placed~5.5 Å away from the Cys244 Sγ.
Toward the left of this Cys244 the deep S1 pocket opens, which has the Val242 and Thr209 Cγ atoms as a base and is covered by the indole moiety of Trp284 acting as a lid, and at its bottom harbours the Asp163 carboxylate group as a charge anchor. On its upper and lower side, this pocket is lined by the side chain of Met288 and by segment Gly210-His211 and the His211 side chain, respectively (Figure 3) . The amidinophenyl part of the HgBA molecule bound to Cys244 extends into this pocket, with its amidino moiety shifted against the Asp163 carboxylate group making only one NH-O hydrogen bond. From the left side, the extended side chain of Glu152 may reach for this His211, so that it could form a short waterexposed hydrogen bond with His211 Nε2 if fully extended. We note, however, that in the crystal structures NATI and pCMBA, the side chain of Glu152 points away from His211. In the FFRCMK structure, Glu152 is connected to His211 Nε2 via a metal ion (probably Zn 2ϩ from the crystallization buffer).
In the FFRCMK structure, the peptidic inhibitor is bound to Cys244 forming a covalent bond with Cys244 Sγ through its methylene group (Figure 3) . The ketone group oxygen forms favourable hydrogen bonds with Gly212 N and Cys244 N, which, together, function as an oxyanion hole. The inhibitor (I) D-Phe1I-L-Phe2I-L-Arg3I moiety juxtaposes RgpB segment Gln282-Trp284 in a nearly extended manner, forming a two-stranded twisted β-pleated sheet, with a favourable hydrogen bond between Gln282 O and P1-Arg3I NH (3.0 Å), and a longer one between Trp284 NH and P3-Phe1I O. The Arg3I side chain inserts into the S1 pocket, with its terminal guanidyl group making a frontal 2N-2O salt bridge with the carboxylate group of Asp163, and the Nε-H and the two Nζ nitrogens directed toward the Tyr283 carbonyl and the carbonyl groups of Trp284 and Gly210, respectively. This narrow S1 slot, covered by a hydrophobic lid and bordered by in-plane hydrogen bond acceptors, certainly accounts for the strong preference of RgpB for Arg residues at P1/S1. One of both guanidinium Nζ nitrogens is also close enough to Met288 Sδ to make a hydrogen bond interaction with one of its lone pair orbitals. In Kgp, according to the sequence alignment of Pavloff et al. (1997) , this Met288 seems to be replaced by a Tyr residue, whose phenol group might be rotated into the S1 pocket presenting an extra hydrogen bond donor to the ammonium group of an inserted P1-Lys. Thus, residue 288 (together with the basement residue 242) may be a key element in discriminating between the specificities of Rgp and Kgp. The L-Phe2I and D-Phe1I side chains of the inhibitor extend out from the surface of the molecule, with their benzyl groups making edge-on-face contacts with one another and with the phenol group of the adjacent Tyr283 (Figure 3) .
Except for the entrance 'hole' to the S1 pocket, the molecular surface around the active-site is relatively flat and characterized by a negative electrostatic potential (Figure 4 ). Modelling studies show that a productively bound contiguous polypeptide substrate consisting of L-amino acids could bind in an FFRCMK-similar overall extended manner stretching from the N-terminal part of helix h9 (Ala285 N, Trp284 N) along segment Asp281-Tyr283 to strand His211-Glu214, and clamp between P5-S5 and P3Ј-S3Ј by up to seven inter-main-chain hydrogen bonds (with some of them shown in Figure 5 ). The P4 and P2 side chains could nestle toward (hydrophobic/acidic) surface depressions, while the P3 side chain could reside on top of the Trp284 indole lid and the P1Ј (or maybe P2Ј) side chains making surface contacts with Fig. 6 . Comparison of the RgpB catalytic domain (top, in stereo, red, yellow and blue) and the caspase-3 tetramer (bottom, in stereo, with both p17 and p12 peptides given in red and blue; Protein Data Bank code 1PAU; Rotonda et al., 1996) . The catalytic residues are shown as orange and yellow stick models. The caspase is presented in such an orientation that its left-side p17-p12 heterodimer half superimposes with the 'active' RgpB B-subdomain. Both RgpB subdomains are related to one another by a vertical axis with an~160°rotational and an~15 Å translational component arranged within the plane, while the exact 2-fold rotation axis of caspase-3 relating both heterodimers stands vertically on the plane. The figure was prepared with BOBSCRIPT (Kraulis, 1991) and rendered with RASTER3D (Merrit and Murphy, 1994) . the Asp281 carboxylate. Thus, RgpB would seem to bind its peptide substrates primarily via main-chain interactions, with the exact cleavage site determined, however, by the quite selective P1-Arg-S1 interaction assisted by P4-S4, P2-S2 and P1Ј-S1Ј. It should be noted that the S2 pocket residue 283 of RgpA and HRgpA (Swiss-Prot entry code Q45168; Okamoto et al., 1995) is Ser, while in RgpB (Swiss-Prot entry code P95493; Potempa et al., 1998) Tyr occupies this position.
In this way, the carbonyl group of the scissile Arg-Xaa peptide bond of a bound substrate is presented in a rigid and stereochemically favourable manner to Cys244 for nucleophilic attack by Sγ ( Figure 5 ). Assisted by the polarization of the P1 carbonyl in the oxyanion hole, Cys244 Sγ could bind to the carbonyl carbon of the ArgXaa scissile peptide bond toward its Re face, under approach of the tetrahedral intermediate state. In this reaction, the attacking Sγ lone pair orbital might be oriented toward the carbonyl by hydrogen bonding from the Gln282 N-H. The thiolate anion would certainly be a better nucleophile than the uncharged thiol group in forming the tetrahedral intermediate. However, at neutral pH the active centre exhibits quite a negative electrostatic surface potential (Figure 4) , and the Cys244 side chain is placed adjacent to the exposed carboxylate group of Asp281, so that its thiol group presumably has a normal if not high pK. A putative acidic protonated sulfur of the hemimercaptal part created upon nucleophilic attack by the thiol could easily transfer its proton to the spatially adjacent carboxylate group of Asp281 or to bulk water.
Simultaneously, the imidazole group of His211 positioned on the opposite side of the scissile bond could, possibly, in a concerted move together with the Glu152 carboxylate group, turn toward the pyramidalizing Xaa leaving group nitrogen. The strongly negative electrostatic surface potential together with the properly placed Glu152 would probably stabilize this His211 imidazole in its protonated form, enabling it to donate a proton to the leaving group nitrogen, thereby promoting the C-N break in the bound substrate and the release of the C-terminal fragment (see Figure 5 ). The thiol ester remaining after release of the C-terminal fragment could be hydrolysed by a water molecule attacking the ester carbonyl and cleaving the ester bond, leading to the release of the N-terminal portion of the substrate under simultaneous transfer of both protons to the His211 imidazole and the Cys244 Sγ, respectively.
Comparison with caspases
A topological search of the RgpB structure performed with TOP3D (Lu, 1996) against all protein structures currently in the PDB revealed caspase-1 (Walker et al., 1994; Wilson et al., 1994) and caspase-3 (Rotonda et al., 1996; Mittl et al., 1997) as the only topological homologues ( Figure 6 ). A closer look showed that the A-as well as the B-subdomain each contain a caspase folding motif corresponding to the p20-p10 heterodimer of caspase-1 and the p17-p12 heterodimer of caspase-3. After optimal superposition of gingipain's B-subdomain over the heterodimer of caspase-1 (with~120 equivalent C α atoms deviating by~1.5 Å, 17 of which carry identical amino acids; see Figures 2 and 6 ), strands and helices s5, h5, s6, h6, s7, h7 and s8 of RgpB superimpose well with the first four strands and the first three helices of the caspase-1 p20 chain, with conserved strand order and direction. Only RgpB helix h8 lacks any equivalent in the caspases, but presumably corresponds to the connecting segment of pro-caspases. RgpB strands and helices s9, h9, h10 and s10 are arranged like the last two strands and the two intervening helices of the caspase-1 p10 subunit, with helix h11 replaced by a shorter loop. The topological equivalency of the RgpB A-subdomain is less striking; the first four strands and three helices superimpose well with the p20 subunit of caspase-1, whereas only the first helix of the p10 chain has a corresponding (h4) helix in RgpB.
These two superpositions reflect an internal quasisymmetry within RgpB, with its A-subdomain showing a high degree of topological similarity to the N-terminal region of the B-subdomain. In contrast to the exact 2-fold axis relating the two heterodimeric halves of caspase-1 and caspase-3, however, both RgpB subdomains are related by an axis running almost perpendicular to the caspase-1 and caspase-3 2-fold, not allowing a simultaneous fit to both caspase heterodimers ( Figure 6 ). If this strong topological similarity reflects an evolutionary relationship between RgpBs and caspases, the RgpB structure would suggest that the caspase heterodimer usually selected (see Figure 6 ) is indeed generated from one single pro-caspase chain. According to the superposition of the RgpB B-subdomain on the caspase-1 heterodimer ( Figures 2B  and 6 ), both the catalytic Cys (244 in RgpB and 285 in caspase-1) and His (211 and 237, respectively) residues occupy identical sites and exhibit very similar conformations. Similarly shaped S1 pockets are carved into the molecular surface, with a frontally opposing acidic residue (RgpB, Asp163) and two embracing basic residues (Arg179 and Arg341 in caspase-1) at the bottom, however. The caspases do not possess a third acidic catalytic residue but a nearby carbonyl (of Pro177 in caspase-1 and of Thr62 in caspase-3), while in RgpB the putative third residue is Glu152. Furthermore, their active-site is placed in a much more pronounced cleft in comparison to RgpB. In contrast to the negative electrostatic surface potential around the active-site of RgpB, the cleft and the surface environment of caspases exhibit a positive potential. Polypeptide substrates seem to interact with the nonprimed subsites of caspases with a similar geometry, but with a tighter insertion of the P4 residue into a more pronounced S4 cleft.
Immunoglobulin superfamily domain
At Thr352, the RgpB chain enters the IgSF domain (Figure 1 ) displaying the shape of an elongated sevenstranded β-barrel (Figures 1 and 2) . The strands, referred to according to the IgSF standard nomenclature (see Chothia and Jones, 1997) , are connected and arranged as in IgG domains, with the connecting loops being shorter, however. An exception is the sC-sC' β-turn, which projects out of the barrel. Strand sA, after a short crossing over sG, first runs antiparallel to sB, before kinking over and aligning again (as sA') to sB (Figure 2A) . The strand following sC primarily makes a β-hairpin with sC itself and is, therefore, best identified as sC'; in its terminal end, however, this strand forms a β-hairpin loop with sE, and thus could be denoted sD (Figure 2A) . The IgSF domain of RgpB, therefore, appears to belong to the I set of IgSFs, as is characteristic for bacterial members (see Chothia and Jones, 1997) .
The IgSF domain does not contain the characteristic intradomain disulfide bridge usually clamping strands sB and sF (and concomitantly both IgSF sheets) together. However, Cys373 of RgpB occupies an equivalent postion in sB, with its unpaired side chain extending into the hydrophobic core where it opposes Val417 of sF. On the right-side domain surface (Figure 1 ), a depression formed by loops sC-sC' and sE-sF carries a cluster of acidic residues (384-Asp-Asp-Gly-Asp-387 and 405-Glu-SerIle-Ala-Asp-Glu-410, respectively). The sC-sC' loop, above this site, and the sF-sG connection represent the two contact sites through which the IgSF domain props itself against the catalytic domain. The former interactions toward the connecting peptide are quite polar, while the latter, against the h1-s2 loop, are made exclusively via van der Waals contacts. Between these contacts, both domains embrace a water-filled cavity, which is primarily lined by hydrophobic side chains and exits to the back (Figure 1 ).
Conclusions
The similarity of the RgpB catalytic domain with caspases is certainly not just accidental. The identical arrangement of the secondary structure elements together with an almost identical active-centre topology are a quite significant indicator of a close evolutionary relationship, with the RgpB structure suggesting that the usually selected (red-dark blue, Figure 6 ) caspase heterodimer is indeed generated from a single pro-caspase chain (see Thornberry and Lazebnik, 1998) . A common catalytic ancestor might have had half the size of RgpB catalytic domain, corresponding to a p20-p10 caspase-1 heterodimer; duplication of the ancestral gene, under preservation of only one catalytic centre, might then have led to the present quasi-symmetrical Rgp domain. Both proteinases share identically positioned active Cys and His residues, an equivalent oxyanion hole, similar non-primed and primed recognition subsites and a similarly placed and shaped S1 pocket, serving as the main recognition determinant. In contrast to the Asp-adapted pocket of caspases, however, the S1 pocket of RgpB is optimized to accommodate Arg side chains preferentially. The rigid fixation of bound Arg peptides not only explains the strict specificity of RgpB for P1-Arg-containing peptides, but also accounts for the high cleavage efficiency of RgpB toward peptide substrates of all lengths.
The catalytic mechanism of RgpB as outlined above (see Figure 5) should be similar to that of the caspases, i.e. with a thiol(ate) in the acylation step making an oxyanion hole-assisted nucleophilic attack on the scissile peptide carbonyl of the peptide substrate, and the spatially separated imidazolium acting as a general acid to donate a proton to the leaving group nitrogen. In stark contrast to the caspases, however, the quite negative surface potential and the presence of residue Glu152 at the RgpB active-site favour stabilization of the imidazolium cation, while disfavouring formation of a thiolate anion. The much higher pH optimum of RgpB compared with caspases (Stennicke and Salvesen, 1997) might reflect the presumed higher pK of the reactive Cys in RgpB.
Under reducing conditions, RgpB seems to be a powerful proteinase, which due to a quite open binding site and strong fixation of the P1-Arg residue is able to hydrolyse a multitude of Arg-Xaa bonds in proteins or peptides. With respect to its cleavage preference for Arg-Xaa, further assisted by the negatively charged S1 and activesite environment, RgpB resembles trypsin, and like many trypsin-like serine proteinases it seems to be capable of cleaving/activating cascade proteinases. However, in contrast to these serine proteinases, RgpB needs an anaerobic environment to be active, as probably exists in the periodontal pockets of infected patients.
The function of the IgSF domain for RgpB is less obvious. In the high-molecular-weight Rgps, this IgSF domain could represent the attachment site for anchoring the haemagglutinin domain. Like many other IgSF domains involved in cell-cell interaction, receptor docking and general antigen recognition and binding (for a review, see Chothia and Jones, 1997) , in RgpB this IgSF domain could help bind to protein substrates or dock to endogenous proteins, other bacteria or host cell surfaces. Adhesion and binding of the gingipains seem rather to be mediated via the haemagglutinin domain, which in the highmolecular-weight forms is bound in addition. This is emphasized by the considerably higher activity of HRgpA than RgpB with respect to activation of factor X, mainly effected by a decreased K m value (Imamura et al., 1997) .
Porphyromonas gingivalis has been shown to be a primary pathogen in periodontal disease. Thus, all factors impairing the colonization and emergence of this bacterium would be of fundamental importance to control periodontitis (Holt et al., 1988) . The gingipains, in particular the Rgps, are involved in a number of intrinsic and extrinsic functions that are associated with the virulence of P.gingivalis and assumed to be essential for its survival. Through their effects on blood clotting and platelet aggregation, these proteinases might be implicated as the biochemical link in the correlation between periodontitis and coronary diseases (Page, 1998) . The three-dimensional structure of RgpB now offers the unique possibility to design and elaborate selective potent inhibitors against RgpB and the related proteinases in a rational way. Drugs developed from such inhibitors might be helpful tools to prevent or treat periodontal diseases and to investigate the role of these enzymes further.
In support of our postulations, we have become aware of a publication (Chen et al., 1998) proposing some relationships within a clan called CD comprising, besides the gingipains (C25), the cysteine proteinase families of the legumains (C13), clostripains (C11) and caspases (C14), mainly on the basis of the sequential His-Glyspacer-Ala-Cys motif. Gingipain structural analysis now not only confirms some equivalency with caspases, but indicates considerable similarities regarding polypeptide fold and active-site geometry. Furthermore, it suggests closer structural similarities of gingipain with legumains and clostripains as well.
Materials and methods
Enzyme purification and crystallization RgpB was purified from P.gingivalis HG66 as described previously . For crystallization, the major RgpB form (pI of 5.1) was selected and activated by incubation with 10 mM L-cysteine in 0.1 M HEPES, 2.5 mM CaCl 2 pH 8.0 at 37°C for 30 min. For alkylation, part of the activated RgpB was treated with the fast-acting irreversible inhibitor FFRCMK (from Bachem; see Potempa et al., 1997) . The sample was then dialysed against 3 mM MOPS, 0.02% NaN 3 pH 7.2. Crystallization experiments were carried out with Linbro plates by the vapour diffusion method. For preparation of the monoclinic crystals NATI and pCMBA, drops of 1.5 μl of an 8 mg/ml protein solution and 1.5 μl of reservoir solution (3.6 M 1,6-hexanediol, 300 mM MgCl 2 , 100 mM Tris-HCl pH 8.6) were mixed and equilibrated at 6°C for 1 year and then for 6 months at 21°C. For faster crystal growth, microseeding was applied under slightly optimized conditions (3.4 M 1,6-hexanediol, 200 mM MgCl 2 , 100 mM Tris-HCl pH 8.5) at 21°C, yielding crystals of up to 0.5 ϫ 0.2 ϫ 0.02 mm within several weeks. These monoclinic crystals (Table I ) diffract to beyond 1.5 Å and contain one molecule per asymmetric unit (VM ϭ 2.15 Å 3 /Da), corresponding to a solvent content (v/v) of 43%. The pCMBA derivative was obtained by soaking overnight in a solution containing 3 mM self-made p-chloromercury benzamidine and 5 mM cysteine. Before harvesting, the crystal was washed for 3 min in the precipitant solution to remove unbound mercury atoms.
The RgpB-chloromethylketone complex was crystallized as described previously (Banbula et al., 1998) .
Data collection and processing
A NATI dataset to 2.16 Å resolution was measured in-house using a 300 mm MAR-Research image plate detector mounted on a Rigaku RU 200 rotating anode X-ray generator with graphite monochromatized CuKα radiation. MAD measurements were performed on pCMBA crystals at the BW6 beam line at DESY in Hamburg, Germany. From a crystal flash frozen in liquid nitrogen, diffraction data to 1.49 Å resolution were collected at cryo temperatures using a MAR-Research CCD detector. MAD data were measured at the three wavelengths λ 1 (remote, fЈ ϭ -8.7 e, fЉ ϭ 4.3 e), λ 2 (peak, fЈ ϭ -12.8 e, fЉ ϭ 10.0 e) and λ 3 (edge, fЈ ϭ -15.1 e, fЉ ϭ 9.5 e) by continuously collecting 260 (remote), 590 (peak) and 259 (edge) frames of 0.7°each (see Table II ). Because the signal of the mercury atoms in the small protein crystal used was too weak, the fluorescence scan to determine optimal wavelengths for data collection was carried out using crystalline chloromercuric benzoic acid (Fluka).
X-ray diffraction data of FFRCMK were collected to 2.0 Å resolution from orthorhombic crystals mounted in glass capillaries at 16°C on a 300 mm MAR-Research image plate detector (Banbula et al., 1998) . The intensities of all datasets were integrated with MOSFLM (Leslie, 1991) , scaled with SCALA [Collaborative Computational Project Number 4 (CCP4), 1994] and converted to amplitudes with TRUNCATE (CCP4, 1994).
The three mercury atoms in pCMBA (bound to Cys244, Cys299 and Cys185) were localized in an anomalous difference Patterson map of the peak wavelength data using CCP4 programs. The refinement of heavy-atom parameters and calculation of MAD phases were carried out with SHARP (de La Fortelle and Bricogne, 1997). The initial MAD phases were improved with SOLOMON (Abrahams and Leslie, 1996) , resulting in an interpretable 1.5 Å electron density map. The NATI model was determined by molecular replacement with MOLREP (Vagin and Teplyakov, 1997) using 3 Å data and the pCMBA model as Model building and refinement A first pCMBA model was built on an Evans and Sutherland graphic workstation with FRODO (Jones, 1978 ) against a 1.5 Å solvent-flattened electron density map calculated with the MAD phases. This and later models were subjected to crystallographic refinement cycles with CNS (Brünger et al., 1998) using the conjugate gradient method with an amplitude-based maximum-likelihood target function and Engh and Huber (1992) geometric restraints, in between times manually corrected upon visual inspection of the display. In early stages, improved phases obtained with SIGMAA (Read, 1986 ) by a combination of the initial MAD phases with phases calculated from the current partial model and solvent flattening (SOLOMON; Abrahams and Leslie, 1996) were used for structure factor and density calculations. In the first step of the refinement process, each initial model was subjected to simulated annealing. Later, a water model was calculated using ARP (Lamzin and Wilson, 1993) , and individual isotropic B-factors were refined using refinement protocols employing an amplitude-based maximum-likelihood target function until convergence was reached. For the refinement of the orthorhombic FFRCMK model, the appropriately placed pCMBA model, with all residues around the active-site cysteine omitted, served to calculate a simulated annealing omit map. The corresponding 2.0 Å density map allowed tracing of all omitted residues and of the complete inhibitor using usual Arg-methylene parameters and a restrained distance of 1.80 Å for C-Sγ. After remodelling and completely new insertion of solvent molecules, this model was refined as carried out for pCMBA. The final refinement statistics are given in Table III. In the final NATI and pCMBA models, the polypeptide chain (except for Glu66-Gly67) is defined continuously from Tyr1 to Ser435. The C-terminus extends into a large crystal cavity that could accomodate some more residues beyond Ser435 if present. The final FFRCMK model additionally lacks residues 433-435. Besides the protein chains and the inhibitors, the models contain a few ions interpreted as calcium and zinc ions (Table III) . The peptide groups preceding Pro49 and Pro188 have cis conformation. According to a search performed with PROCHECK (Laskowski et al., 1993) , almost all non-glycine residues fall into the allowed or additionally allowed regions of the Ramachandran plot (Table III) ; however, in all three structures, Val245 (φ,ψ pair around 35/13), Ser220 (105/-30) and Lys326 (50/-120) are clearly in the generously allowed region.
The coordinates of FFRCMK have been deposited in the Protein Data Bank under code 1CVR. 
